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ABSTRACT 

Measurement of t he  low-frequency impedance of a Langmuir probe i n  
l 

a plasma can give the  l o c a l  e lectron dens i ty  and temperature., Such 

d iagnos t ic  methods have been employed i n  ionospheric  probing, but  t h e  

i n t e r p r e t a t i o n  of t h e  r e s u l t s  based on s impl i f ied  theory has not been 

e n t i r e l y  s a t i s f a c t o r y .  This paper descr ibes  labora tory  plasma s t u d i e s  

designed t o  inves t iga t e  the  v a l i d i t y  of t h e  s impl i f ied  thpory. Good 

agreement i s  obtained between r e s u l t s  obtained by two d i f f e r e n t  imped- 

ance techniques,  and conventional Langmuir probe d a t a  reduction. It i s  

concluded t h a t  the  methods could provide add i t iona l  methods of measure- 

ment i n  labora tory  plasmas, with some inherent  advantages, but  t h a t  a 

more d e t a i l e d  theory and extensive experimental v e r i f i c a t i o n  a r e  required 

before they can be appl ied with confidence t o  more complicated condi t ions 

i n  t h e  ionosphere. 

* 
This work was supported by t h e  Nat ional  Science Foundation and NASA. 
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I. INTRODUCTION 

The Langmuir probe has  been one of t h e  most important d iagnos t ic  

t o o l s  f o r  measuring e lec t ron  densi ty  and temperature i n  labora tory  plasmas 

s ince  i t s  development i n  t he  l92O's by Langmuir and Mott-Smith. I n  recent  

years ,  i t s  use has been extended t o  ionospheric and space s tud ie s .  These 

have posed new problems concerned with da t a  evaluat ion and te lemeter ing,  

and have s t imulated research i n t o  ways t o  obtain e l ec t ron  dens i ty  and 

temperature measurements rapidly and continuously o ther  than by i n t e r -  

p re t a t ion  of t h e  usual  semilogarithmic probe cu r ren t /po ten t i a l  character-  

i s t i c s .  

impedance e f f e c t s  a r e  s tudied a t  f requencies  somewhat below t h e  e lec t ron  

plasma frequency. 

frequency impedance of a probe i n  a plasma might be used t o  obta in  

e l ec t ron  dens i ty  and temperature. 2-5 

t h e  present  paper. 

One product of t h i s  work i s  t h e  resonance probe,' by which rf 

It has a l s o  been suggested t h a t  d a t a  on t h e  low- 

This t op ic  forms t h e  subjec t  of 

I f  t h e  low-frequency impedance i s  measured between a probe and a 

reference electrode,  two extreme condi t ions can be d is t inguished:  t h a t  

i n  which t h e  impedance of the  plasma s u b s t a n t i a l l y  unperturbed by t h e  

probe dominates, and t h a t  i n  which l o c a l  space-charge sheaths  around the  

e l ec t rodes  c o n s t i t u t e  the  most important impedance components. Which of 

these  i s  approached i n  an experimental s i t u a t i o n  w i l l  depend o n t h e  

e lec t rode  s i z e s  and separation, and on t h e  measuring frequency. Simi- 

l a r l y ,  t h e  t h e o r e t i c a l  treatment required w i l l  d i f f e r  widely f o r  the  
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two cases .  

t i v i t y  concept, while the  l a t t e r  requi res  knokledge of the  sheaths sur -  

rounding the  electrodes.  

The former can be handled using the  e f f e c t i v e  plasma permit- 

2 
I n  1962, Mlodnosky and G a r r i o t t  predicted the  ex is tence  of p a r a l l e l  

r e s i s t i v e  and capaci t ive components of low-frequency sheath impedance, 

and suggested two ionospheric d iagnos t ic  techniques based on measurements 

of t he  impedance of a dipole  an tenna  ca r r i ed  by a rocket or s a t e l l i t e .  

A d e t a i l e d  theory of the  impedance was developed subsequently by Crawford 

and Mlodnosky. Measurements with rocket-borne probes were c a r r i e d  out 

i n  1963 by Stanford Research I n s t i t u t e ,  

P e n n ~ y l v a n i a . ~  

preted i n  t e r m  of t he  plasma impedance r a t h e r  than of t h e  sheath.  

both cases there  were c e r t a i n  discrepancies  between t h e o r e t i c a l  and ex- 

perimental r e s u l t s  which cas t  doubts on t h e  v a l i d i t y  of t he  re levant  

t heo r i e s .  

4 
and by the Universi ty  of 

I n  the  l a t t e r  case, t he  experimental r e s u l t s  were i n t e r -  

In  

A prec ise  impedance theory for a rocket-borne probe i s  very d i f -  

f i c u l t  t o  der ive:  the  geometry of the  probe i s  not  simple because of 

aerodynamic e f f ec t s ;  the vehicle  may have a v e l o c i t y  comparable t o  the  

ion thermal veloci ty  so  t h a t  a shock wave i s  produced ahead of it and 

a t r a i l  i s  l e f t  behind it, a l s o  t h e  magnetic f i e l d  of the  e a r t h  may 

influence the  impedance s t rongly.  I n  t h e  ionosphere, for example, t h e  

e lec t ron  gyroradius can be comparable t o  t h e  Debye length.  

It i s  desirable  t h a t  techniques intended for use i n  the  complicated 

conditions encountered i n  space probing should be t e s t e d  i n  t he  labora tory  

under simpler and more cont ro l lab le  condi t ions t o  see how c l o s e l y  t h e  

theory f i t s  the  experimental r e s u l t s .  The work described here has  been 
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ca r r i ed  out with these  considerations i n  mind, and has been d i r ec t ed  

towards ve r i fy ing  t h e  probe impedance theory i n  t h e  absence of a s t a t i c  

magnetic f i e l d .  Evidence from previous measurements i n  low-pressure 

mercury-vapor discharges of the s o r t  used i n  these  experiments shows 

tha t  when the  plasma volume impedance dominates, t h e  r e s u l t s  can be ex- 

plained s a t i s f a c t o r i l y  by equivalent pe rmi t t i v i ty  considerat ions.  

Consequently, t he  concentration here  w i l l  be on e lec t rode  sheath imped- 

ance e f f e c t s .  The s impl i f ied  theory i s  discussed i n  Sect ion 11, and t h e  

experiments a r e  described i n  Section 111. The paper concludes with a 

b r i e f  discussion of t h e  u t i l i t y  of low-frequency probe impedance measur- 

ing  techniques.  

6 

11. PROBE IMPEDANCE THEORY 

To ind ica t e  t h e  d i f fe rences  i n  t reatment ,  t he  probe/plasma impedance 

theory w i l l  be out l ined  f o r  plasma-dominated conditions,  where sheath 

e f f e c t s  a r e  negl ig ib le ,  as well  as f o r  t h e  sheath-dominated case d i -  

r e c t l y  r e l a t e d  t o  our experiments. 

plasma pe rmi t t i v i ty  i s  used i n  t h e  former case, information on e l ec t ron  

dens i ty  and c o l l i s i o n s  only can be obtained. The sheath-dominated case 

provides e lec t ron  dens i ty  and temperature information, but  g ives  no 

information on co l l i s ions .  

It w i l l  be noted t h a t  as t h e  cold 
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A .  PLASMA -DOMINATED 

The simplest t h e o r e t i c a l  r e s u l t s  a r e  obtained when c e r t a i n  geometri- 

c a l  e lec t rode  symmetries can be employed and the capacitance with plasma 

present  can be simply r e l a t e d  t o  t h a t  i n  f r e e  space. 

probe capacity,  Cs , 
We have for t he  

where L i s  an  a r b i t r a r y  path between the  e lec t rodes ,  S i s  the  probe 

surface area,  u i s  the  surface charge densi ty ,  i s  t h e  e l e c t r i c  

f i e l d ,  and 2 i s  the e l e c t r i c  displacement. The r a t i o  of t h e  capaci-  

tance with plasma present,  C , t o  t h a t  with f r e e  space as d i e l e c t r i c ,  

Co , i s  
P 

The complex plasma p e r m i t t i v i t y  tensor ,  E , includes the  e f f e c t s  of 

magnetic f i e l d  and c o l l i s i o n s .  

zz 

I f  the geometry i s  such t h a t  t h e  e l e c t r i c  f i e l d  a t  t h e  e lec t rode  

sur face  i s  everywhere the  same i n  both numerator and denominator, Eq. (2 )  

s impl i f i e s  t o  
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Such conditions would hold, for example, if infinite parallel plane 

geometry were approached, or if coaxial cylinders oriented along the 

magnetic field lines were employed. In the first case, E can be 

replaced by the permittivity parallel (E ) or perpendicular (EL) to 

the magnetic field, for plates oriented perpendicular or parallel to the 

magnetic field; and in the second would be replaced by 

geometries, the problem may become extremely complicated. Solution of 

Laplace's equation in the anisotopic medium and matching to perhaps 

awkwardly shaped boundaries are then required. 

P 

II 

€1 - In Other 

B . SHEATH -DOMINATED 

The impedance may be obtained by considering an arbitrary probe 

characteristic of the form 3 

where i and V contain dc and small-amplitude, time-varying components, 

denoted by subscripts 0 and 1 , respectively. Expansion by Taylor's 

theorem gives 

I' ' io + i,(t) = f(Vo) + V,(t) fs(Vo) + f y V O )  ..o , 
2 :  

- 5 -  



which has been s tudied elsewhere f o r  general  noise  signals. '  For a 

s inuso ida l  modulating s i g n a l  we have 

3 V, I V , ( t )  = v s i n  cot  , il(t) v1 f ' ( V o )  + a f f f t ( v o )  . 
8 1 

Expressed as a donductance, Ge , t h i s  y i e l d s  

2 v1 f " ' ( V 0 )  
G,(Vo) = f p ( V o )  (7) 

For a Maxwellian e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n ,  t h e  probe cu r ren t  i n  

the elec-tron-repell ing region w i l l  be 

where i and i a r e  the  e l ec t ron  s a t u r a t i o n  cu r ren t  and ion cu r ren t  

drawn by t h e  probe, respect ively,  V i s  t h e  e l e c t r o n  temperature, and 
e 

V i s  t h e  pro'be p o t e n t i a l  r e l a t i v e  t o  space p o t e n t i a l .  If t he  d e r i v a t i v e  

of t h e  rf component of ion cu r ren t  i s  neglected as small compared t o  t h a t  

of t h e  exponential v a r i a t i o n  of e l ec t ron  cu r ren t  over t he  range of ex- 

perimental  i n t e r e s t ,  and i f  we assume t h a t  t h e  e l e c t r o n s  can follow 

e i 
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low-frequency f l u c t u a t i o n s  instantaneously,  then Eq. (7)  becomes 

Evaluation of t h e  second term i n  Eq. (7 )  ind ica t e s  t h a t  Eq. (9)  i s  

accurate  t o  one percent  f o r  V1 < 0.3 V . e 

Account must be taken of t h e  displacement cur ren t ,  i , which d 

flows while t he  probe sur face  charge ad jus t s  t o  follow t h e  time-varying 

potential . .  We have 

where C i s  the  probe/plasma capacitance.  The quant i ty  (dC/dt) i s  

non-zero s ince t h e  charge d i s t r i b u t i o n  which determines C i s  changing 

i n  response t o  p o t e n t i a l  va r i a t ions .  I f  t he  e l ec t rons  follow almost 

instantaneously,  then C i s  a funct ion of V only and Eq, (10) becomes 

I n  t h i s ,  C ( V )  represents  a voltage-dependent e f f e c t i v e  probe/plasma e 

capaci ty .  By Taylor ' s  theorem, we obtain 

= ce(vo) 4- v'l - c "(Vo) + ... 
'eo 4 e  
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I n  t h e  small-signal limit, C e ( V )  i n  Eq. (11) may be replaced by C e ( V o )  . 
The e f f e c t i v e  probe admittance, Y(V,) , i s  obtained by combining t h i s  

r e s u l t  with Lq" ( 9 ) .  This gives  

Thr, possible  u t i l i t y  of an impedance d i agnos t i c  technique depends on t h e  

ease and precis ion with which t h e  q u a n t i t i e s  G e ( V o )  and Ce(Vo) can be 

defined and measured. W e  must now examine them i n  more d e t a i l :  

Conductance, G (V,) The expression of Eq. ( 9 )  app l i e s  t o  an ex- e -_____- 
ponent ia l  probe c h a r a c t e r i s t i c ,  and under conditions where t h e  d e r i v a t i v e  of the 

ion current  component i s  neg l ig ib l e .  For l a r g e  plane probes t h i s  would 

be s o  down t o  very negative probe p o t e n t i a l s ,  because the  ion cu r ren t  

i s  subs t an t i a l ly  independent of probe p o t e n t i a l .  For c y l i n d r i c a l  and 

sphe r i ca l  geometries t he  range of operation would be smaller.  I n  any 

case,  p r a c t i c a l  app l i ca t ion  of the  method i s  un l ike ly  t o  be f e a s i b l e  a t  

p o t e n t i a l s  much below f l o a t i n g  p o t e n t i a l  s ince  the  t a i l  of t h e  e l e c t r o n  

ve loc i ty  d i s t r i b u t i o n  w i l l  become progressively more non-Maxwellian and 

the  d e r i v a t i v e  of t he  e l e c t r o n i c  component w i l l  become use l e s s  as a 

means of determining e l e c t r o n  temperature. We may assume, then, t h a t  

t he  range of measurement w i l l  be from some p o i n t  near f l o a t i n g  p o t e n t i a l ,  

s e t  by t h e  limits within which the  t a i l  may be regarded as Maxwellian, 

t o  space p o t e n t i a l .  

2 I t  was pointed out  by Mlodnosky and G a r r i o t t  t h a t  a u s e f u l  diag-  

n o s t i c  technique can be based on Eq. (9 ) .  Below space p o t e n t i a l ,  a p l o t  

of conductance against  probe cu r ren t  should give a s t r a i g h t  l i n e ,  t h e  

- a -  
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slope of which y i e l d s  t h e  e lec t ron  temperature. Above space p o t e n t i a l  

there  should be a n  abrupt change of conductance due t o  probe sa tu ra t ion  

e f f e c t s ,  although it may be expected t h a t  t he  knee w i l l  be smoothed i n  

p rac t i ce  f o r  t h e  same reasons t h a t  t he  sa tu ra t ion  knee i s  smoothed i n  t he  

conventional semi-logarithmic dc probe c h a r a c t e r i s t i c ,  Location of 8 

space p o t e n t i a l  def ines  t h e  e lectron dens i ty  i n  t he  plasma. 

Capacitance, C (V,) Under circumstances where i t  i s  not  f e a s i b l e  e 

t o  sweep the  probe po ten t i a l ,  f o r  example i n  t r a n s i e n t  plasmas, t h i s  

operat ion may be replaced by measurement of t he  probe capacitance.  It  

i s  t o  be expected t h a t  the  simplest  condition w i l l  be of most i n t e r e s t  

i n  prac t ice ,  i . e . ,  t he  capacitance w i l l  be measured a t  f l o a t i n g  po ten t i a l .  

The approximate theory which follows i s  r a t h e r  more general ,  but t he  ex- 

periments have been r e s t r i c t e d  t o  t h i s  operat ing point .  

The determination of C ( V  ) e 0  depends on so lu t ion  of PoissonOs 

equation i n  t h e  sheath region. Since the re  i s  no d i s t i n c t  separat ion 

of sheath from plasma, and so lu t ion  of t h e  f u l l  plasma-sheath,equation 

of Tonks and Langmuir’ i s  extremely d i f f i c u l t ,  s u i t a b l e  approximations 

a r e  required.  We s h a l l  r e s t r i c t  ourselves  t o  cases  i n  which the  sheath 

thickness  i s  small compared t o  t h e  probe dimensions. Under th i l ;  assump- 

t i o n  the  theory f o r  plane geometry w i l l  be approached i n  non-planar 

geometries. Next, we s h a l l  examine two models which may be expected 

t o  bracket  t h e  experimental r e s u l t s  over t he  range of i n t e r e s t .  The 

f irst  (I)  of these  has been appl ied by Butler  and Kino’’ with con- 

s iderable  success t o  r f  sheath behavior i n  which it  can be assumed t h a t  

t h e  time va r i a t ion  of po ten t i a l  i s  too  rap id  f o r  t he  ions t o  follow. 

The second (11) es t imates  the capacitance a t  f requencies  s u f f i c i e n t l y  

low f o r  both ions and e lec t rons  t o  respond without appreciable  delay.  

- 9 -  



I n  Model I, i t  i s  assumed t h a t  t he  sheath has a thickness,  x , 
given approximately by Child’s  law f o r  a space-charge-limited ion diode. 

We have, then, 

where j i  i s  the ion current  densi ty ,  V i s  the  p o t e n t i a l  drop ac ross  

the  sheath,  and M i s  t h e  ion mass. 

Variat ion of t he  sheath p o t e n t i a l  w i l l  cause the  sheath edge t o  

move backwards and forwards with a ve loc i ty ,  v , given by 
S 

This gives  r i s e  t o  a conduction current  i n  t h e  plasma, and by con t inu i ty  

a displacement cur ren t ,  i (c A n e , i n  t he  sheath.  By Eq. (ll), 

then, we have 

D 0 vs) 

where A i s  the surface area of t h e  probe. 

- 10 - 



It w i l l  be remarked that the re  i s  some inconsis tency i n  our assump- 

t i o n s  near t h e  sheath edge. Equation (14)  w i l l  break down s ince  n i s  

not i n f i n i t e  there .  

0 

A t  t h e  sheath/plasma edge a more reasonable approxi- 

mation i s  t o  assume t h a t  a l l  ions a r r i v e  with energy (eY ) . This  i 

allows us  t o  def ine  f l o a t i n g  po ten t i a l ,  Vf ? by 

We may assume as a s u i t a b l e  c r i t e r i o n  for t he  probe sheath formation the  

I1 
Bohm expression 

Subs t i t u t ing  t h i s  f o r  Vo 

Debye length,  h , l eads  t o  

Vi = 0.5 Ve . For mercury-vapor t h i s  g ives  Vf = 5.5 ve . 
i n  Eq. (16), and introducing t h e  e l e c t r o n i c  

D 

where the  numerical value i s  appropriate  t o  mercury-vapor, and implies  

t h a t  a t  f l o a t i n g  p o t e n t i a l  the sheath behaves l i k e  a p a r a l l e l - p l a t e  

capaci tor  with separat ion 2.6 AD . 
3 A s  t h e  b a s i s  of Model 11, w e  note  t h a t  

- 11 - 



where p i s  the charge dens i ty  i n  t h e  plasma. Evaluated a t  t he  probe 

su r face  (r = 0) , t h i s  becomes 

Next we must determine p and dV/dr . The ion densi ty ,  n i , i n  t he  

sheath w i l l  be given i n  terms of t h a t  a t  t h e  edge, no , by 

The electron densi ty ,  n , i s  not given s t r i c t l y  by Boltzmann's 

l a w  unless  t h e  probe i s  a p e r f e c t  r e f l e c t o r .  So t h a t  p can be evaluated 

c o r r e c t l y  a t  the probe surface,  we note t h a t  t h e  e l e c t r o n  dens i ty  i n  plane 

e 

geometry i s  given by 

0 

2 

n = - e x p ( k )  n 

e 

2 

l + - y 2  

where yo has  been w r i t t e n  f o r  [ ( V  +Vo)/V,] li2 and V is ,  of course, 

negat ive i n  the  e l ec t ron  r e p e l l i n g  region. 

- 12 - 



I n  determining the  e l e c t r i c  f i e l d  a t  the  cathode, which depends on 

the  i n t e g r a l  of t h e  charge throughout the  sheath, it w i l l  be a good 

approximation, however, t o  employ Boltzmann's l a w  i f  IVp( ,> (2Ve) 

The e r r o r  i n  l o c a l  e l e c t r o n i c  charge w i l l  be only 2 percent a t  t h e  

. 

sheath edge, and 8 percent where IV I x Ve . We have, then, f o r  

Poisson's equation 

which in t eg ra t e s  t o  

(ET = - ki - 2[Vi(Vi - v)11/2 + ve (l - exp ;,j , 

where the  constant of fn tegra t ion  has  been obtained by put t ing  

(dV/dr) = 0 = V at  the  sheath/plasma edge. 

A t  t he  cathode surface,  then, we have 
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whern we have introduced t h e  e l e c t r o n i c  Debye length  AD . The capaci-  

t ance  i s  f i n a l l y  

a =  

c J 

For mercury-vapor i s  0.17 a t  f l o a t i n g  p o t e n t i a l ,  which should be 

compared with the  r e s u l t  of 0.39 given by Model I. It w i l l  be noted 

from Eq. (26) t h a t  a i s  very i n s e n s i t i v e  t o  t h e  exact  value chosen 

f o r  Vi . 

111. EXpElRIMENTS 

The experiments were c a r r i e d  out  i n  the  mercury-vapor discharge 

tube of Fig.  1 a t  a pressure  of about 10-’ mm Hg. 

f e r e n t  shapes and s i z e s  were ava i l ab le ,  as d e t a i l e d  i n  Table I. The 

supports  of t he  c y l i n d r i c a l  probes were screened ( see  Fig.  2 ) .  

probe/screen capacitance,  

measurements by inc luding  i-t i n  t h e  br idge balance with t h e  plasma o f f .  

Probe 4 was covered with a- t h i n  i n s u l a t i n g  l a y e r  of alumina t o  ayoid 

per turbing t h e  1ongitutiirrra-l p o t e n t i a l  g rad ien t  i n  t h e  tube.  

Seven probes of d i f -  

The 

, was el iminated f r o m t h e  impedance 

- 14 - 
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c 

Probe geometry 

Probe number 

Probe width, or 
w'ire diameter, 

d m n  

Length, cm 

Surface area,  
CII? 

(d/hD) at 
100 mA tube 

cur ren t  

TABLE I 

De ta i l s  of t h e  Probe Electrodes 

- 

Planar 

1 ,7  4 

20 40 

6n 6n 

37.7 75.4 

-70 -140 

Cyl indr ica l  

Loop 

2 5 

2.54 0.254 

3n 3n 

7.52 0.752 

-10 -1 

S t r a i g h t  

3 6 

2.54 0.254 

0.75 0.75 

0.60 0.060 

-10 -1 

Impedance could be measured over t h e  range 20 kc/s - 2 Mc/s by means of 

a commercial low-frequency bridge. 

c i r c u i t s  a r e  shown i n  Fig. 3. The impedance measured between t h e  probe 

and e i t h e r  t he  cathode or t he  anode as reference c o n s i s t s  e s s e n t i a l l y  

of t h e  probe sheath impedance i n  s e r i e s  with t h e  plasma impedance, and 

t h a t  of t h e  sheath on t h e  reference e lec t rode .  The l a t t e r  i s  neg l ig ib l e  

f o r  probes 3, 5 and 6 a t  a l l  p o t e n t i a l s  and f o r  a l l  probes a t  f l o a t i n g  

p o t e n t i a l .  The plasma i t s e l f  can be assumed t o  a good approximation t o  

be a pe r fec t  conductor. 

The ex te rna l  connections and equivalent  
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Preliminary experiments using t h e  conventional Langmuir technique 

ind ica ted  consistency among determinations of t h e  plasma parameters f o r  

probes 3, 5 and 6. 

t h e  &hers  because of t h e i r  l a rge  c o l l e c t i n g  a reas .  Typical plasma 

parameters were V 1.9 vol t s ,  and n E 1 .3  * 10 per cm3 on t h e  

tube ax i s .  

compute t h e  las t  l i n e  of Table I. 

f i e l d  may be neglected i n  these experiments s ince  t h e  e l ec t ron  gyroradius 

(-10 cm) Col l i s ions  i n  t he  sheath 

may a l s o  be neglected s ince  the e lec t ron/neut ra l  mean f r e e  pa th  i s  long 

compared t o  the  sheath dimensions, which w i l l  be of t h e  order of a few 

Debye lengths .  

Electron sa tu ra t ion  cur ren t  could not be reached f o r  

9 
e 0 

The corresponding Debye length,  0.28 mm, has been used t o  

The e f f e c t  of t he  e a r t h ' s  magnetic 

i s  much l a r g e r  than the  Debye length.  

A .  CONDUCTANCE MEASUREMENTS 

The most important f ea tu re s  of Eq. ( 9 )  f o r  t h e  conductance are t h a t  

it p red ic t s  (i) frequency-independence, (ii) d i r e c t  p ropor t iona l i t y  

t o  tube cur ren t ,  and (iii) inverse p ropor t iona l i t y  t o  e l ec t ron  temper- 

a tu re .  Experiments were car r ied  out  t o  v e r i f y  these  poin ts :  

F i r s t ,  t h e  conductance components of c y l i n d r i c a l  and planar  probes 

were measured over a range of frequency extending from t h e  lower limit 

set  by t h e  p o s s i b i l i t y  of obtaining an accurate  n u l l  of t he  bridge 

de tec to r  up t o  f requencies  w e l l  i n  excess of t h e  ion plasma frequency. 

T: p ica1  results a r e  shown i n  Fig.  4, and confirm (i) . Next, experi-  

mental checks on t h e  v a l i d i t y  of (ii) yielded supporting r e s u l t s  such 

as those  shown i n  Fig.  5.  These confirm, inc iden ta l ly ,  t h a t  t h e  con- 

ductance i s  not geometry-dependent. F ina l ly ,  comparisons were made 
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between conductance c h a r a c t e r i s t i c s  and Langmuir probe c h a r a c t e r i s t i c s  

taken under the same condi t ions.  These were confined t o  t h e  smallest  

probes because it was necessary t o  be ab le  t o  reach sa tu ra t ion .  

Figure 6 shows t y p i c a l  r e s u l t s .  

wi thin 10 percent between measured values  of conductance and those 

obtained by graphical  d i f f e r e n t i a t i o n  of t he  de Langmuir probe charac te r -  

i s t i c .  The temperature obtained from t h e  s lope of t h e  conductance 

c h a r a c t e r i s t i c  and t h e  semi-logarithmic p l o t  agreed t o  t h e  same limits. 

As  f a r  as determination of space p o t e n t i a l  i s  concerned, we.may remark 

t h a t  t h e r e  i s  general ly  a marginal advantage i n  using t h e  conductance 

v a r i a t i o n  t o  loca te  t h i s  po in t .  l dea l ly ,  a sharp change of conductance 

should occur a t  space p o t e n t i a l .  I n  p rac t i ce  t h e r e  i s  a knee, but t h e  

"break-point' ' can be loca ted  more accura te ly  on a l i n e a r  conductance 

p l o t  than on a semi-logarithmic de probe c h a r a c t e r i s t i c .  

i nd ica t e s  t h i s  f o r  a c y l i n d r i c a l  probe. 

The experiments i n d i c a t e  agreement t o  

Figure 6 

. 

B. CIAPACITANCE MEASUREMENTS 

Equations (18) and (26) ind ica t e  t h a t  t h e  capacitance should be: 

( i)  frequency-independent m e r  t h e  ranges of v a l i g i t y  of t hese  ex- 

pressions,  and (ii) inverse ly  propor t iona l  t o  Debye length.  This  

l a t t e r  condition may be expressed as d i r e c t  p ropor t iona l i t y  of 

t o  t h e  discharge current .  S e r i e s  of experiments were ca r r i ed  out t o  

v e r i f y  these  points.  Figure 4 i nd ica t e s  frequency independence from 

about 0.2 f i  t o  wel l  above f This implies  t h a t  r f  ion motions 

a r e  neg l ig ib l e  and inc l ines  us towards Eq. (18). Experiments could 

2 
[Ce(Vo) 1 

i 
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not be car r ied  out a t  lower f requencies  owing t o  d i f f i c u l t i e s  i n  obtaining 

an accurate  n u l l  of t h e  bridge due t o  noise  f r o m t h e  discharge.  There 

w a s  a l s o  a high r a t i o  between t h e  admitkance components which made 

susceptance measurements d i f f i c u l t .  Figure 5 shows t h e  e f f e c t  of cur ren t  

va r i a t ion .  

length,  we see t h a t  (ii) i s  s a t i s f i e d .  

diameter does not g r e a t l y  exceed t h e  sheath thickness ,  t h e  required 

propor t iona l i ty  breaks down. 

For t h e  planar  probe, which i s  l a r g e  compared t o  a Debye 

For t h e  c y l i n d r i c a l  probe whose 

F ina l ly ,  a d i r e c t  check on t h e  value of t h e  capacitance i s  required.  

Some t y p i c a l  measurements obtained a t  f l o a t i n g  p o t e n t i a l  are tabula ted  

below. As expected, t h e  pred ic t ions  of Eqs. (18) and (26) bracket  t h e  

experimental values f o r  t h e  th ree  probes f o r  which t h e  planar  theory i s  

appropriate .  The discrepancies  from Model I a r e  30 percent  o r  l e s s ,  

and a r e  r a the r  l a r g e r  from Model 11. These a r e  the  combined e r r o r s  

due t o  s impl i f ica t ions  i n  t h e  theory,  and e r r o r s  i n  making t h e  con- 

vent iona l  Langrnuir probe d a t a  reduct ion on which t h e  comparison i s  

based. 
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TABU I1 

Predicted and Measured Values of Probe Capacitance a t  

F loa t ing  Po ten t i a l  (ia = 100 mA) 

Probe 1 7 2 5 

0.365 0.311 0.311 I 0.365 

Me as ur ed 

capacitance I 32 25 6.3 2 .4  

IV. DISCUSSION 

The experiments i nd ica t e  t h a t  t h e  conductance measurement technique 

can give e l ec t ron  dens i ty  and temperature information t o  about t h e  same 

accuracy as the  usual  semi-logarithmic p l o t  of probe cur ren t  and po- 

t e n t i a l .  Apart from a s l i g h t  advantage i n  the  determination of space 

po ten t i a l ,  t he  only s i t ua t fons  i n  which t h e  method might prove more 

convenient a r e  probably those i n  which te lemeter ing  i s  involved. 

The admittance measurement technique has  t h e  advantage t h a t  no 

sweeping of t h e  probe po ten t i a l  i s  requi red .  

s u i t a b l e  f o r  continuous measurement i n  time-varying labora tory  or  space 

It i s  consequently most 
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plasmas. 

but  i s  only appropriate where t h e  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  i s  

approximately Maxwellian up t o  energies  corresponding t o  f l o a t i n g  

p o t e n t i a l .  

l e s s  s t r ingen t ,  but t h e  theory of t h e  probe capac i ty  becomes more 

complicated. Since only low e l e c t r o n  and ion cu r ren t s  a r e  taken a t  

space po ten t i a l ,  very l a r g e  probes can be used, and t h e  technique may 

have u s e f u l  appl icat ions t o  measurements i n  very low d e n s i t y  plasmas. 

Operation a t  f l o a t i n g  p o t e n t i a l  i s  p a r t i c u l a r l y  convenient, 

I f  t h e  probe p o t e n t i a l  i s  reduced t h i s  requirement becomes 

A s  f a r  as t h e  a p p l i c a b i l i t y  of t h e  r e s u l t s  i n  t h i s  paper t o  t h e  

impedance measurements a l ready c a r r i e d  out i n  space i s  concerned, it 

seems t h a t  an extension of t h e  theory t o  cover t h e  inf luence of a 

magnetic f i e l d  i s  required.  Further  experiments i n  d r i f t i n g  plasmas 

should be ca r r i ed  out t o  simulate condi t ions p e r t a i n i n g  t o  a moving 

space veh ic l e .  This i s  p a r t i c u l a r l y  important s i n c e  t r a n s i t  time 

phenomena, which have been neglected so  f a r ,  w i l l  appear when d i s t ances  

t r a v e l e d  by the  p a r t i c l e s  during one period of t h e  s i g n a l  appl ied t o  

t h e  probe a r e  no longer n e g l i g i b l e  with r e spec t  t o  t h e  s i z e  of t h e  

probe. Such conditions w i l l  be approached f requent ly  i n  space appl ica-  

t i o n s .  
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